Carbon nanotube/aluminum (CNT/Al) composites have emerged as a novel and potential kind of metal matrix composites (MMCs), as they exhibit high specific stiffness, strength and good plasticity [1] . It has been generally accepted that the intrinsic properties of both CNTs and Al and the impacts of CNTs on the microstructure of Al matrix determine the mechanical properties of CNT/Al composites simultaneously [1] . For example, according to George et al. [2] , Nam et al. [3] and Mokdad et al. [4] , the yield strength of CNT/Al composites is considered to be determined by the effective stress transfer to CNTs, grain size (Hall-Petch effect), thermal mismatch dislocations and Orowan mechanism in the Al matrix. However, the plastic deformation mechanisms of CNT/Al composites, being crucial for their ductility and toughness, haven't been fully understood yet.
An important but rarely discussed issue about plastic deformation of CNT/Al composites is their strain hardening (work hardening) capability. The CNT/Al composites usually exhibit high failure strain but low uniform elongation (strain before necking) [1] . It is mainly due to the lack of dislocation accumulation capability in the ultrafine-grained (UFG) matrix (grain size < 1 μm), which weakens the strain hardening capability and thus results in the early necking or strain localization [5, 6] . According to the Considère criterion [7] , which is governing the onset of necking,
where σ is the true stress and ε is the true strain, higher strain hardening capability could help to delay necking and give rise to the uniform elongation. Only a few efforts have been made in the investigation of CNT/Al composites' strain hardening behaviors. Yoo et al. [8] reported that CNTs homogenously dispersed inside Al grains could contribute to strain hardening capability by the Orowan mechanism. However, in most cases, CNTs located at Al grain boundaries [1] . Dong et al. [9, 10] developed a dislocation density based model and estimated that the elastic mismatch between CNTs and Al would be favorable to the strain hardening capability through the interaction between geometrically-necessary dislocations (GNDs) and statistically stored dislocations (SSDs). However, no direct experimental evidence was provided.
On the other hand, the strain hardening behaviors of polycrystalline metals, dispersoid strengthening alloys and conventional MMCs have been extensively discussed. Strain hardening results from the dynamic interactions of dislocations with each other and with the various constituents of the microstructure, e.g. forest dislocations, grain boundaries and second phases [11] [12] [13] [14] . The dislocation storage processes give rise to both the non-directional effective stress required locally for the dislocations to move (short-range interactions like friction stress and forest dislocation hardening) and the directional back stress associated with the microstructures providing long-range interactions with mobile dislocations [12] . In previous models of the tensile deformation of CNT reinforced MMCs [9, 10] , the forest hardening mechanism has been considered. However, to the best of our knowledge, there weren't any experimental investigation and discussion on the role of back stress.
The aim of the present work is to discuss the tensile strain hardening behaviors of CNT/Al composites in terms of the effective and back stresses. The evolution of these two components of tensile flow stress is investigated with the loading-unloading tests, and the roles of CNT-induced back stresses are modeled and quantitatively analyzed. Besides, GND maps in CNT/Al composites achieved with automated crystal orientation mapping in transmission electron microscope (TEM ACOM) and the potentials of back stress strengthening mechanisms that can be used in the design of CNT/Al composites are also discussed.
A Flake Powder Metallurgy route based on shiftspeed ball milling, developed in our previous work [15] , was utilized to fabricate 1 vol.% and 2 vol.% CNT/Al composites. The Al samples without CNTs were also fabricated by the same processes. Tensile tests and loading-unloading tests were performed on at a constant strain rate of 6.67 × 10 −4 s −1 (1 mm/min) at room temperature. Details of the fabrication and characterization procedure are provided in Supplementary Material. Figure 1 shows the TEM images of the longitudinal section of 2 vol.% CNT/Al composite and Al. The average equivalent grain sizes (equivalent circle diameters) of the Al sample and the 2 vol.% CNT/Al composite sample are ∼ 418 nm and ∼ 335 nm, respectively. Also, the CNTs mostly distribute at the intergranular boundaries in the CNT/Al composite. in these samples (Supplementary Material), which is in accordance with previous reports [1, 15] .
The typical engineering tensile stress-strain and true stress-strain curves for Al and CNT/Al composites are shown in Figure 2 (a,b). The tensile strength of the Al sample, 1 vol.% CNT/Al composite sample and 2 vol.% CNT/Al composite sample is 228 MPa, 266 MPa, 332 MPa, with the corresponding uniform elongation of 5.2%, 5.6% and 5.3%, respectively. CNT strengthened Al without sacrificing the uniform elongation ( Figure  2(b) ). The strengthening effect should be due to the coupling of grain refinement, dislocations and the loadtransfer effects. More details of the mechanical properties are shown in Table S1 . The strain hardening rate, , is defined by,
As shown in Figure 2 (c), the of CNT/Al before the true strain of 0.015 are obviously higher than that of Al and increase with the increase of CNT content (Inset A). After the true strain of 0.02, the difference in the of Al and CNT/Al composites become much smaller but should contribute to the uniform elongation according to the Considère criterion. (Inset B).
The variation of depends on the variation of flow stress. To clarify the origins of the flow stress, the loading-unloading tests [12, 16] (Figure 3(a) ) were performed to estimate effective and back stresses. CNT/Al composites show strong Bauschinger effect: during unloading, the reverse plastic flow starts even when the applied stress is still in tension. The methodology of estimation of back and effective stress from the loading-unloading curves have been extensively discussed in the past by different authors [12, 13] . As defined in Figure 3(b) , the effective stress (σ eff ) and back stress (σ b ) can be calculated as,
where σ u is the unloading yield stress and σ * is the thermal part of the flow stress. Some details of the calculation are described in Supplementary Material. As shown in Figure 3 (c-e), both effective and back stresses increased with the addition of CNT in Al, resulting in the strengthening of the composites. The increasing rates of the effective stress of 1 vol.% and 2 vol.% CNT/Al and Al are similar at different strain, while the pronounced increase of increasing rate of back stress could be observed in CNT/Al composites than Al, especially in 2 vol.% CNT/Al composites. Thus, the increase of back stress contributes to the higher strain hardening rates of CNT/Al composites than Al.
Effective stress is from the non-directional short-range local stress for a dislocation to move, like the friction stress of Al and the short-range interaction between forest and mobile dislocations [12] . In addition to the internal dislocation storage process of Al matrices, the GNDs induced by the deformation incompatibility between CNT and Al could contribute to the effective stress through dislocation strengthening [10] .
Back stress is from the directional long-range internal stress resulting from the elastic loading of the 'hard zones' [17, 18] . During mechanical loading, extra loads will be transferred from the soft zones to the hard zones, and the corresponding counterforces in the soft zone must be balanced by lattice strain and dislocations. These dislocations provide long-range interactions with mobile dislocations, exert directional back stress.
Different kinds of microstructures, e.g. grain boundaries and the second phases, could act as the 'hard zone'.
First, the pile-up dislocations stopped at grain boundaries could cause a back stress to develop impeding the progress of similar dislocations [19] , as shown in Figure  4 (b). Then the net long-range stresses will be reduced when dislocations of opposite sign arrive at the boundary in adjacent grains or on other slip systems thereby screening the stress field from the dislocations already at the boundary [14] . Finer grains could accelerate both the increasing rate of back stress and the screening effect. The addition of CNTs leads to the refinement of Al grains, which should be one of the origins of the evolution of back stress.
Second, the hard, non-deformable second phases exert back stress through the elastic constraint of the plastic flow. According to Brown and Clarke [20] , it is simply proportional to the volume fraction of the second phases and to the applied plastic strain. When the local stress at a second phase exceeds a threshold, it can cause plastic relaxation, with the activation of the secondary slip and the buildup of dislocation forest. Plastic relaxation may lead to the partial release of the loads in the second phases and the global back stress.
To quantificationally analyze the origins of the role of effective and back stress, a model based on the above analysis is used to estimate the stress-strain relationship of CNT/Al composites. The flow stress, σ flow , can be expressed as:
Load transferred to CNTs at yield point
Back stress from grain boundary dislocations
where the first term is the friction stress of Al, the second term is the Hall-Petch relationship describing grain boundary strengthening, the third term is the Taylor relationship describing dislocation strengthening, the fourth term is the load transferred to CNTs at yield point, the fifth and sixth terms are the back stresses induced by grain boundary dislocations [14] and reinforcements [20] (namely CNTs), respectively, and the last term is the influence of plastic relaxation. The definitions of each parameter are listed in Table S1 . Detailed discussions on this model and its reliability are shown in Supplementary Material. Figure 4 (a) shows the estimated true stress-plastic strain curves of 2 vol.% CNT/Al composites with or without considering the dislocation strengthening effect of GNDs, the CNT-induced back stress and the plastic relaxation. Also, the true stress-plastic strain curves of Al fit well with the Al samples, as shown in Figure  S1 . The stress-strain curves estimated from Equation (6) without considering plastic relaxation fit well with the experimental results before the necking points. It can be seen that the back stress from grain boundary dislocations contributes to a major part of the flow stress of the composites, as well as the high strain hardening rate of CNT/Al composites before 1% strain. Both the dislocation hardening effect of GNDs and the CNT-induced back stress give rise to the strain hardening capabilities and uniform elongations of CNT/Al composites, while the contribution of CNT-induced back stress is more pronounced. The average stresses in CNTs, σ CNT , should be equilibrium with the strengthening effects in the yield strength and CNT-induced back stress, namely,
At the uniform elongation strain of the 2 vol.% CNT/Al composites, the average stresses in CNTs are over 2 GPa.
Such high stress may result in pronounced plastic relaxation or even local failure in the near-interface regions and thus lead to the deviation from the estimated curves. The plastic relaxation process is complex as it is influenced by the interface conditions, local lattice orientations, local dislocation structures and else factors. It's hard to be quantified with the present model but could be qualitatively analyzed by comparing the theoretical and experimental results. It should be noticed that the CNT-induced back stress in Equation (6) is derived based on the Eshelby's theory of elastic inclusions, which is not directly connected with the dislocations behaviors. The shear-resistant, intragranular nano second phases could trap Orowan loops and exert back stress, which has been extensively discussed in Al alloys [21, 22] . However, as shown in Figure 1(a) , as the CNTs distribute mostly at grain boundaries, they should not give rise to back stress by trapping Orowan loops. On the other hand, interfaces could apply the long-range 'image force' to the near-by pile-up dislocations due to the difference in the shear modulus of the two phases [23] , which should also contribute the CNT-induced back stress ( Figure  4(b) ). Another origin of CNT-induced back stress may be the CNT-induced GNDs (Figure 4(b) ). As the stiff CNTs and the matrices would deform incompatibly, shear strain gradient would be built up and the lattice would become curved, leading to the accumulation of a kind of GNDs defined by Nye [24] . As those GNDs are constrained by the near-interface strain gradients, they could provide long-range interaction with the SSDs and give rise to back stress at macroscopic. Figure 5 provides the existence of this kind of GNDs. Figure 5(a,c) shows the TEM images of 2 vol.% CNT/Al composites at zero strain and 2% strain. 2% strain is chosen because at this strain the CNT-induced GNDs are detectable and less influenced by the GNDs induced due to the incompatible deformation of different grains. Figure 5(b,d) are the corresponding GND maps estimated with TEM ACOM and the Nye tensor. It could be observed that in CNT/Al composites at zero strain, the GND-rich regions are mostly located near grain boundaries or in some nearly vertical bands. Those bands should be a kind of intragranular boundaries, referred as the geometrically-necessary boundaries, similar to the subgrain boundaries [25, 26] . After 2% strain, much more GND-rich regions are located around CNTs. Also, the average GND values increase from 1.67 μm −1 to 1.97 μm −1 after 2% strain. Thus, the generation of most GNDs in deformed CNT/Al composites prove to be associated with CNTs.
As the elastic loading of CNTs, the near-interface strain gradients and GND accumulation are structuresensitive [13, 27] , it is potential to improve the strain hardening capability and uniform elongation of CNT/Al composites through well-designed architectures. For example, the CNT/Al composites with nanolaminated [28] and dual-matrix [29] architecture exhibited superior balance in strength and ductility compared with those with disorder structures. Back stress strengthening exerted by GNDs is supposed to be an important mechanism for the well balanced comprehensive mechanical properties. Similar back stress induced increase was also reported in gradient structured interstitial-free steels [13] and heterogeneous lamella structured Ti [16] . Thus, further investigation on the correlation between the architecture and back stress strengthening is possible to provide routes towards superior ductility in CNT/Al composites.
In conclusion, it is found that the CNT/Al composites exhibit higher strain hardening capability than the unreinforced UFG Al matrix, which results in the strength enhancement of CNT/Al composites without sacrificing the uniform elongations. The loading-unloading tests reveal that, instead of the effective stress, it is the increased back stress that is responsible for the higher strain hardening capability in CNT/Al composites than Al. Using a strain hardening model considering the contribution of grain boundary and CNT/Al interfaces, it is found that the CNT-induced interfacial back stress contributes primarily to the extra strain hardening in CNT/Al composites. Such CNT-induced back stress should be exerted by the interfacial image force and the long-range interaction between SSDs and GNDs around the CNT/Al interface. From this point of view, proper interface and architecture design is supposed to be a possible route to preparing CNT/Al composites with desirable strain hardening capability, strength and ductility through the interfacial back stress strengthening mechanism.
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